Abstract-
As studied in [3] , [4] , the airpath system of a turbocharged Diesel engine features coupled dynamics. The EGR acts as a discharge valve for the turbocharger. Most studies consider the following control setup: both intake and exhaust pressure are closely controlled using EGR valve and Variable Geometry Turbocharger (VGT) (see [5] , [6] , [7] for example). As presented in [8] , [9] , [10] multivariable control strategies vastly outperform decentralized mono-variable schemes. Robustness is increased since coupling is taken into account by these multivariable designs. As recalled earlier, HCCI combustion mode requires transients from small to very large BGR rates to be considered. We believe that the previous approaches might not be well adapted to handle such relatively extreme situations.
The contribution of this paper is a control design for the airpath using an explicit feed-forward term. This control law arises from a motion planning open-loop control strategy. Originally, our objective is to control the masses aspirated into the cylinder. We cast it into the control of BGR and pressure in the intake manifold (P int ). The set points depend on the engine operating conditions: from low load, low pressure and high BGR rate (typically BGR = 40% and P int = 1 bar) to high load, high pressure and no EGR (typically BGR = 0% and P int = 2 bar). We demonstrate the relevance of our approach on such large transients.
The paper is organized as follows. In Section II, we detail the intake manifold model used for our study. It consists of two balance equations. In Section III, we decouple these fully actuated dynamics by a simple motion planning strategy.
This yields an open loop control law taking into account the non minimum phase behavior of the system, already underlined in [3] . In Section IV, we design an observer that is required for real implementation: a Luenberger style observer reconstructing poorly known input gains from the intake pressure measurements. Implementation details are given in Section V. Experimental results are reported on a 4 cylinder HCCI engine in Section VI. They stress that, despite important noises on measurements, a control strategy based on a simple model can achieve fast and accurate transients. Conclusions and future directions are given in Section VII. Figure 1 shows the flow sheet of the airpath system. Fresh air mixes with the EGR flow into the intake manifold before intake phase. To control the airpath, one can use the Variable Geometry Turbocharger v 1 (VGT) and the EGR valve v 2 . Modelling can be performed at various geometric and time scales. In this paper, we use mass balances, ideal gas law, and we consider a low time scale resolution (180 o TDC time scale). In particular, high frequency aspiration phenomena are not taken into account.
II. INTAKE MANIFOLD MODELLING

A. Mass balance in the intake manifold
Nomenclature is given in Table I . Ideal gas law leads to
The first mass balance writeṡ
Classically (see [11] for example), we define the aspirated flow as
where V cyl is the cylinder volume. η vol is the volumetric efficiency which is experimentally derived and eventually defined though a look-up table. Values vary with engine operating conditions (mainly intake pressure and engine speed). On the other hand, the BGR is defined by
The second balance equation is
Composition of the recirculated gases (noted F exh ) is measured by the Air Fuel Ratio sensor located downstream the turbine.
B. Reference model
After substitutions, gathering (2) and (3) yield the reference dynamics
where
In a first move, one can expect to directly act upon D air and D egr . These can be considered as inputs for the reference 
III. MOTION PLANNING FOR AIR PATH CONTROL
Our objective is to control the masses aspirated into the cylinder which is equivalent to find a control solution to the following question: "How to make P int (i.e. x 1 ) and BGR (i.e. x 2 ) reach their respective set points defined by the engine operating conditions (engine speed, load)?". Later, in Section IV, we explain how to estimate these variables. Considered set points are highly varying, especially in HCCI mode. As recalled earlier in the introduction, this mode implies low pressure and high BGR rate at low load (typically P int = 1 bar and BGR > 35%), while it uses high pressure and no EGR at high load (typically P int = 3 bar and BGR < 3%). Interaction between air and EGR loops combined with the nonlinear nature of the system between highly varying setpoints makes the system difficult to handle using classical control design methods. Therefore, we now propose a motion planning control strategy which rely on the computation of transient trajectories for the airpath dynamics (5).
A. Motion planning
System (5) is fully actuated and invertible. Thus, an analytic expression of the input can be derived from the state variable and its first derivatives.
This rewrites
with
In these last expressions, F exh , γ int , η vol , and Ξ int are all given by sensors measurements.
B. Set points
Given the accelerator position and the engine speed we define one set point. The engine speed, N e , is not modelled but directly measured. Accelerator position is turned into a torque control objective yielding an IMEP (Indicated Mean Effective Pressure) set point. The setpoints for the intake pressure and the burnt gas rate are given by experimentally calibrated static maps on the (IM EP sp , N e ) operating range.
IM EP sp is arbitrarily specified by the driver. As IMEP is arbitrarily specified by the driver, t → x sp 1 (t) and t → x sp 2 (t) are neither smooth nor monotonous. These signals must be filtered to correspond to feasible trajectories of (5) 
where f 1 and f 2 are defined by (7).
C. Open loop control
Formula (8) gives the motion planning laws. The global motion planning control scheme is reported in Figure 2 . For the sake of illustration, we now briefly present two typical application examples. These results are obtained experimentally in closed loop. Further details about closed loop implementation are given in Section VI where longer horizon results are presented.
1) tip-out:
The first scenario is a tip-out (high decrease of torque demand) at 1500 rpm (see Figure 3) . Implicitly, it is desired to steer the system from a high load point with no EGR to a low load point with high BGR. The proposed open loop control strategy successively opens the EGR valve and then closes the VGT with a significant overshoot. One can notice the resulting decrease of the fresh air flow and simultaneous increase in EGR flow. As expected from a motion planning control strategy, this does provide a soft landing for the state variables x 1 and x 2 onto their set points. 
2) Transient in HCCI combustion mode:
The second example is an IMEP transient at 1500 rpm in HCCI combustion mode (see Figure 4) . The IMEP of the system starts from 3 bar and reaches 4 bar which implies increasing intake pressure and BGR setpoints. Both operating points are in the HCCI combustion type zone. On contrary to all decentralized controllers, we notice on Figure 4 that our open-loop control take into account the well known non minimum phase behavior of the system as reported in [3] . When the EGR valve opens, the flow increases leading to a pressure rise in the intake manifold. Meanwhile, the exhaust pipe acts as a discharge for the VGT. Its opening lowers the EGR supplied to the turbocharger yielding a significant drop of the exhaust manifold flow. The turbocharger speeds slows down which eventually causes the decrease of the intake manifold pressure. This phenomenon is delayed and slowed down by the turbocharger inertia. Simple ramps and/or steps will fail to let the system reach the desired setpoint. In our case, the model takes into account this complex behavior and therefore the motion planning drives efficiently the system to its setpoint.
IV. AIR PATH OBSERVER
Before detailing the actual implementation we need to focus on an important estimation issue. Accurate modelling of flows through valves can be considered when turbocharger, compressor and cooler models are known and when both exhaust pressure and exhaust temperature are measured. In our case, unfortunately, most of these elements are not available. In practice, while the manifold air flow measurement D air is relatively accurate, D egr cannot be measured. We propose an observer to estimate these two required variables along with the BGR in the intake manifold. We note
where g 1 and g 2 are monotonous mappings of the VGT position v 1 and the EGR valve effective area v 2 (these mappings are respectively decreasing and increasing). The EGR is usually reported as a flow through a restriction. In accordance to [11] , we choose to model it under the form g 2 (v 2 ) Δ 2 v 2 where Δ 2 is a constant depending on the intake and exhaust pressures and temperatures (and therefore also on the cooling system).
The observer has two interesting features. It reconstructs the EGR flow through Δ 2 estimation and estimates the BGR. We note z = P int Δ 2 BGR T ∈ R 3 the state and y = P int the measurement. Recalling equation (4), the reference model is
A. Observer definition
We propose the following observer ⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ż
The (non constant) tuning parameters are
where l 1 > 1 and l 2 > 0 are constant. In particular, we have
The estimation of both fresh air and EGR flows are
The state-error isz z −ẑ and its dynamics writes ⎧ ⎨
B. Convergence analysis
To investigate convergence of the proposed observer we restrict ourselves to the study around fixed operating point, i.e. F exh , T int , N e , and v 2 are assumed to be constant (γ int and Ξ int are then constant too). Moreover, we assume that v 2 > 0. This last assumption is not restrictive since v 2 equals 0 implies that the EGR valve is completely closed and that, consequently, the EGR flow and the BGR are equal to 0. a) (z 1 ,z 2 )-dynamics: The errors dynamics (12) is upper-triangular. Indeed, the (z 1 ,z 2 )-dynamics is independent ofz 3 . Moreover, this dynamics is linear ż 1
A int is a constant asymptotically stable matrix. This implies thatz 1 andz 2 are exponentially stable, in other words
On the other hand, thez 3 dynamics
for t > 0. Integration leads tõ
where c + int
λint . Gronwall's Lemma (see [12] for example) implies
Similarly, one can check that there exists a positive real c − int such thatz 3 (t) ≥ −c − int e −amt . In summary, under the assumption of fixed operating point, the observation error is globally exponentially stable and the following result holds.
Proposition 1: For any fixed operating point, i.e. constant values of F exh , T int , N e , and v 2 , assume that v 2 > 0, then the state of observer (11) converges exponentially towards the state of system (10).
V. IMPLEMENTATION
Both the estimator and the controller described above are tuned in simulation on a high frequency engine model developed in AMESim [13] . This model includes a complete combustion model, balance equations, thermal transfer and gas mixing laws. On the other hand, the test bench used for final validation is a 4 cylinders DI engine with a Variable Geometry Turbocharger (VGT) (see [14] for a complete description) The global control scheme is summarized in Figure 5 . The air path observer block (Block (A)) is the ) is used on the VGT, the derivative term being used to compensate the turbocharger inertia. Tuning of these monovariable controllers can be simply addressed through Ziegler-Nichols rules.
VI. EXPERIMENTAL RESULTS
Experimental results are reported in Figure 6 and Figure 7 . Figure 6 represents a decreasing torque demand at constant engine speed (1500 rpm). See Section III-C. represents an increasing torque demand at constant engine speed (1500 rpm) in the HCCI combustion mode. See Section III-C.2 for complete scenario description. Here, we face the non minimum phase behavior of the engine. The open loop control generated by the motion planning applies an inverse response control at the beginning of the transient in order to have a satisfactory response for the BGR. Again transients are smooth and present only low oscillations. It is instructive to note that, in this exact same setup, we failed to get a decentralized controller preventing experimental issues such as stall and noises and this, due to the overshoot of BGR.
VII. CONCLUSION AND FUTURE DIRECTIONS
The presented work demonstrates the relevance of motion planning in the control of the -coupled-airpath dynamics of turbocharged Diesel engines using Exhaust Gas Recirculation. For the HCCI combustion mode, very large rates of burnt gas need to be considered and we have proven on two realistic test-bench cases that the proposed approach can handle such situations. Besides the results reported here, an exhaustive test campaign is underway to evaluate the performances.
The issue lies in the fact that, for instance, from HCCI to conventional combustion mode, substantial temperature drops are noticed. From now on our model does not address these thermal effects, and will probably not be accurate enough to be used for control purpose. In fact, mismatches in the BGR yielding failure of our control strategy have to be expected. Therefore we are currently working on this point by incorporating a heat balance in our model.
